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Role REVersal: understanding how RRE RNA binds its peptide
ligand
Dilara Grate and Chuck Wilson
The structure of a complex between the HIV Rev-
responsive element (RRE) RNA and a fragment of the Rev
protein has recently been determined by NMR. Together
with previous studies of the Tat–TAR complex, these
results show how RNA elements with considerable tertiary
structure are able to play a more active role in directing
binding to elements of protein secondary structure.
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Introduction
Specific protein–nucleic acid interactions are critical for 
the proper functioning of countless biological processes,
including DNA replication, regulated gene transcription
and protein translation [1–3]. In the last ten years, a series
of elegant structural studies focusing mainly on DNA-
binding transcription factors has yielded a detailed descrip-
tion of how proteins and nucleic acids associate in a
sequence specific way [4]. The picture that emerges from
this work almost always depicts the nucleic acid compo-
nent of a complex as a static, relatively featureless ligand,
falling neatly into an elaborately evolved complemen-
tary surface formed by a protein ‘receptor’. Because these
studies have centered almost entirely on protein–DNA
complexes, the mechanisms for specific protein–RNA
recognition have remained largely unexplored. In contrast
to conventional duplex DNA, biologically derived RNAs
have many opportunities for forming complex tertiary
structures, structures which might ultimately be used to
direct specific associations with proteins [5]. NMR studies
of two protein–RNA complexes from human immunodefi-
ciency virus type 1 (HIV-1) (first Tat–TAR and now
Rev–RRE [6,7]) are beginning to provide key insights into
the ways in which RNAs and proteins recognize each
other. Whereas previous structures have invariably fea-
tured proteins with tertiary structure recognizing simple
elements of nucleic acid secondary structure, the struc-
tures of TAR and RRE demonstrate how these conven-
tional roles may be reversed, with tertiary structured RNAs
forming elaborate binding sites for minimal elements 
of protein secondary structure [8,9]. This review focuses
primarily on the recent work from the Williamson and
Patel groups on the Rev–RRE interaction. Readers inter-
ested in an overview of the Tat–TAR complex are referred
to a corresponding review by Wemmer [10].
The biology of Rev–RRE
The protein Rev plays an important role in the life cycle of
HIV by facilitating the cytoplasmic export of incompletely
spliced mRNAs [11,12]. This activity is predictated upon
Rev’s binding to the cis-acting Rev-responsive element
(RRE), carried by unspliced viral transcripts within the env
gene [13]. Over the last decade, a wealth of both in vivo
and in vitro experiments have dissected the amino acids
and nucleotides required for a functional interaction
between these two molecules. Deletion studies have iden-
tified an unusually arginine-rich 17 amino acid fragment of
Rev (Fig. 1) that binds to RRE with an affinity comparable
to that of the full length 116 amino acid protein. Other por-
tions of Rev are thought to mediate protein oligomerization
and to direct interactions with the nuclear mRNA export
apparatus [14,15]. Circular dichroism showed that the 17
amino acid peptide fragment adopts an a-helical conforma-
tion which is particularly stabilized in the presence of the
RRE [16]. In vitro selection experiments with pools of ran-
domized RRE sequences have been useful for both defin-
ing the secondary structure of the RRE and for identifying
tertiary interactions that direct the higher-order folding of
this RNA [17,18]. Two purine–purine base pairs have been
identified at the heart of the RRE high-affinity site. Bartel
et al. showed that one of these, a G–G pair, could be
replaced by an A–A pair without diminishing binding [19].
In addition to these studies on the individual components
of the complex, a genetic screen was recently used to map
out the pairwise interactions between the peptide and the
RNA by searching for amino acid substitutions in Rev that
could complement specific down mutations in the Rev-
responsive element [20]. The essential results from these
previous studies are summarized in Figure 1.
The structures
Using heteronuclear NMR techniques, two groups working
independently have now determined the three-dimen-
sional structure of the high affinity RRE site complexed
with the arginine-rich Rev peptide. The relatively large
number of experimental constraints used in each case,
together with a significant degree of agreement between
the two structures, suggests that their results provide an
accurate representation of the biologically relevant struc-
ture. The major technical difficulty in solving this struc-
ture was interpre-tation of the many overlapping arginine
resonances; the two groups arrive at similar results by
employing different strategies. Battiste et al. took advan-
tage of a doubly-labeled (13C,15N) peptide and 13C-labeled
RNA to facilitate triple-resonance experiments, while Ye et
al. have used 13C-,15N-labeled RNA and a series of mutant
peptides with single amino acid substitutions to make their
assignments. In addition to these spectroscopic differences,
the two groups have solved the structures of slightly differ-
ent complexes. The Rev peptide used by the Williamson
group is longer at both the N and C termini while the RRE
RNA used by the Patel group has been ‘optimized’ by in
vitro selection and contains a number of tertiary interac-
tions not observed in the original HIV-1 sequence. Gen-
erally speaking, the Patel group structure is based on more
NOE constraints, allowing the construction of a more
detailed model of the structure. While the particulars
differ, the bulk of the interactions observed in the final
structures are generally duplicated and provide a clear view
as to how the high affinity and specificity of binding is
achieved.
A snapshot impression of the structures
A cursory examination of the Rev–RRE structure imme-
diately reveals several striking features which define the
nature of the complex. Firstly, two purine–purine base
pairs separated by a non-conserved bulged residue cause
the RRE backbone to adopt an unusual S-shaped fold.
Local undertwisting of the base pairs in this region helps
to effectively double the width of the major groove,
making it broad enough to readily accommodate a helical
peptide. Secondly, arginines (as expected) play a critical
role in binding and do so by making three different types
of interactions. Six arginines are directed up and away
from the major groove and are involved in direct neutral-
ization of the phosphate backbone. These residues form
two stripes along either side of the helical peptide (Fig.
2). One can readily imagine that these ‘arginine zippers’
act to bridge the two phosphate ridges that define the
major groove. In addition, three other arginines (Arg35,
Arg39 and Arg44) participate in direct hydrogen bonds to
specific bases (all involving either the O6 or N7 atoms of
the RRE guanosines). A third type of interaction is
observed in the Patel group structure where two arginine
residues are found to make close stacking interactions
with a uridine base involved in a base triple (described
below). Thirdly, there are virtually no sidechain interac-
tions within the Rev peptide; contacts with the RRE
dominate to define its conformation. The main exception
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Figure 1
Two-dimensional representations of the RRE
RNA aptamer structure (above) and the Rev
peptide a helix (below). The dashed arrows
indicate interactions suggested by suppressor
mutations. (Both representations correspond
to the constructs used in the Patel group
NMR study.) 
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to this involves Glu47, the sole negatively charged amino
acid in the Rev peptide. In both the Patel and Williamson
structures, the glutamate sidechain carboxylate forms
hydrogen bonds or salt bridges to multiple neighboring
arginines, helping to define their conformation and thus
direct their interactions with the RRE. Fourthly, the
Patel structure contains a U–A–U base triple, introduced
into the RRE in the course of in vitro optimization by a
process termed the selective evolution of ligands by expo-
nential enrichment (SELEX). The pairing of a bulged
uridine with an A–U basepair (Fig. 1) accomplishes two
things. By wedging itself into the major groove, the
uridine base creates two well defined pockets on either
face of the groove for Arg35 and Arg39; stacking between
the nucleotide and these sidechains presumably con-
tributes to the binding energy. In addition, the non-
Watson-Crick uridine base in the triple acts as a
convenient tether to help anchor that section of the RRE
backbone that contacts the Rev peptide. Finally, previous
genetic studies have strongly suggested that Asn40 plays
a role in making base-specific contacts [20]. In particular,
mutation of the conserved G–A pair at the center of the
RRE may be compensated for by mutation of Asn40. In
nice agreement with this result, the NMR structures
place Asn40 in close proximity to the adenosine of the
G–A base pair, positioned to hydrogen bond via its exo-
cyclic amine. 
The uniqueness of the Rev–RRE complex may be best
appreciated by comparison to other protein–RNA and
protein–DNA structures. The complexes formed by the
tRNAGln synthetase and the U1A protein with RNA are
typical of the few previously determined protein–RNA
structures [21,22]. In both of these cases, complex forma-
tion is driven in part by distinct binding pockets on the
surface of each protein which are optimized for interaction
with single nucleotides on the corresponding RNA part-
ners. As a consequence of binding, the recognized
nucleotides lose their previous structure and make inter-
actions almost exclusively with the protein. The inter-
action observed between Rev and the RRE is fundamen-
tally different in two respects: the structure of the RNA
allows it to wrap around the protein instead of vice versa,
and the protein component has virtually no internal struc-
ture; amino acid sidechains predominantly interact with
the RNA and not with each other.
Studies on the Tat–TAR complex by the Puglisi and Patel
groups have shown that, in certain contexts, RNA struc-
ture may play an important role in directing protein–RNA
interactions [9,10]. Given that both Tat and Rev bind via
short arginine-rich peptides and both TAR and RRE
consist of RNA hairpins with internal loops and bulges,
one might have expected significant similarities for the
corresponding complexes. The Tat–TAR and Rev–RRE
structures, however, are fundamentally different in many
different respects (Fig. 3). In the Tat–TAR structure, the
peptide folds as a b hairpin and binding with the RNA is
directed in part by hydrogen bonding between the protein
mainchain and the RNA. In contrast, the Rev peptide
folds as an a helix, leaving only sidechains available to
mediate the interaction with the RRE. While both Tar
and Rev peptides bind in widened major grooves of a 
distorted RNA helix, the extent of the distortion is signifi-
cantly less in the Tat–TAR complex (1–1.5Å versus
4–5Å). The relative narrowness of the major groove in
TAR is a strong constraint on the sequence of Tat , requir-
ing small glycines at three different residues in the
peptide. Despite these differences, similar types of inter-
actions are observed at a finer resolution and the formation
of both complexes is largely driven by pairings between
the guanidinium groups of arginines and either guanosine
bases or backbone phosphates of the RNAs. 
A final comparison that may be drawn is to the transcrip-
tion factors that insert an a helix into the major groove of
DNA to direct sequence-specific binding (including helix-
turn-helix and zinc finger proteins). As shown in Figure 3,
the helix from a typical DNA-binding protein penetrates
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Figure 2
Highlighted view of the RRE–Rev interaction (based on coordinates
provided by D Patel and A Gorin). Coloring is as follows: arginines in
the Rev peptide that interact with RRE phosphates (Arg38, Arg42,
Arg46, and Arg50 on one face; Arg41 and Arg48 on the other) are in
yellow; the conserved G–A base pair which interacts with Asn40 is in
red; the structurally important A–A base pair (G–G in the original
HIV-1 RRE) is in purple; the U–A–U base triple introduced by in vitro
selection is in orange.
its nucleic acid target much less deeply than does the Rev
peptide, a limitation imposed by the relative shallowness
of the DNA major groove. In general, accessory elements
of the protein structure provide many of the backbone
phosphate interactions that direct high affinity but low
specificity binding by DNA-binding proteins. The Rev
a helix, perhaps because of its deep positioning within the
RRE, is able to make extensive backbone and base-spe-
cific interactions and thus binds efficiently without the
help of any additional protein contacts.
Conclusions
The structure of the Rev–RRE complex has provided
important insights into the mechanisms by which RNA
structure is able to direct binding to a specific protein.
Several important features observed in this structure are
likely to be seen again in other contexts : widening of the
major groove by non-canonical base pairs, electrostatic zip-
pering together of rows of backbone phosphates and
arginines, direct hydrogen bonding between guanosines
and arginines, base triples, and interdigitation of nucleotide
bases and amino acid sidechains. The wide range of biolog-
ical processes that require the formation of protein–RNA
complexes has sparked a growing interest in this field. As
such, we may expect these other contexts to fall victim to
structural analysis sooner rather than later. 
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